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topological textures such as vortices,[4,5]  
skyrmions,[6] and domain walls[7–9]  
whose phase transitions and unique prop-
erties are intriguing for both fundamental 
scientific studies and potential applica-
tions. For example, magnetic topologies 
have been well studied theoretically and 
observed experimentally,[10,11] and routes 
to control them for spintronic applica-
tions, have been demonstrated.[1] Polar 
structures analogous to these topological 
magnetic systems have been predicted—
such as in ferroelectric nanodots in 
which spontaneous toroidal moments 
form[12]—and have led to various theoret-
ical predictions and experiments on low-
dimensional ferroelectrics[13–15] due to the 
effects of constrained dimensionality. The 
underlying mechanism for the formation 
and phase transitions of ferroelectric 
topologies, however, has not been system-
atically studied. For example, in PbTiO3/
SrTiO3 superlattices, the thickness of the 
layers can drive a complex evolution of the 
depolarization field. This, coupled with 
the right substrate strain conditions, can generate dramati-
cally different phenomena, such as improper ferroelectricity 
for extremely thin PbTiO3/SrTiO3 superlattices[16] and flux-
closure domains for thick PbTiO3/SrTiO3 superlattices,[17] and 
offers a possible route to stabilize polar topological structures. 
The manipulation of charge and lattice degrees of freedom in atomically 
precise, low-dimensional ferroelectric superlattices can lead to exotic polar 
structures, such as a vortex state. The role of interfaces in the evolution of 
the vortex state in these superlattices (and the associated electrostatic and 
elastic boundary conditions they produce) has remained unclear. Here, the 
toroidal state, arranged in arrays of alternating clockwise/counterclockwise 
polar vortices, in a confined SrTiO3/PbTiO3/SrTiO3 trilayer is investigated. 
By utilizing a combination of transmission electron microscopy, synchrotron-
based X-ray diffraction, and phase-field modeling, the phase transition as 
a function of layer thickness (number of unit cells) demonstrates how the 
vortex state emerges from the ferroelectric state by varying the thickness of 
the confined PbTiO3 layer. Intriguingly, the vortex state arises at head-to-head 
domain boundaries in ferroelectric a1/a2 twin structures. In turn, by varying 
the total number of PbTiO3 layers (moving from trilayer to superlattices), 
it is possible to manipulate the long-range interactions among multiple 
confined PbTiO3 layers to stabilize the vortex state. This work provides a new 
understanding of how the different energies work together to produce this 
exciting new state of matter and can contribute to the design of novel states 
and potential memory applications.
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Emergent phenomena in low-dimensional ferroic materials 
with functional properties offer exciting opportunities to design 
and facilitate the miniaturization of future electronic devices.[1–3] 
The complex interplay of spin, lattice, orbital, and charge 
degrees of freedom in ferroic systems can result in nontrivial 
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Notably, the understanding of toroidal phase stability is crucial 
for the design of novel states such as ferroelectric skyrmion-like 
textures.
Recent work has demonstrated the possibility of creating 
toroidal polarization structures or vortices in PbTiO3/SrTiO3 
superlattices with careful control over the superlattice layers 
at intermediate thicknesses of PbTiO3.[18] The vortex state 
emerges as a direct consequence of the interplay between 
the electrostatic and elastic energies, allowing structures with 
nonuniform polarization textures to form.[19] These PbTiO3/
SrTiO3 superlattices also exhibit emergent chirality due to the 
formation of chiral arrays of polar vortices.[20] Prior work in this 
regard has focused on relatively thick (100 nm, approximately 
eight layer repeats) superlattices, thus keeping the effective 
macroscopic strain constant. However, several questions have 
emerged from these observations. First, how does the toroidal 
state emerge from the ferroelectric state? Second, is the forma-
tion of the toroidal state a consequence of long-range interac-
tions among multiple PbTiO3 layers, or are the interactions 
local to the neighboring layers?
To answer these questions, we reduce the complexity of the 
superlattice to one of its simplest forms and probe the evo-
lution of polar structures in (SrTiO3)n/(PbTiO3)n/(SrTiO3)n 
trilayer heterostructures, wherein the saturation polariza-
tion of PbTiO3 in the trilayer heterostructures increases with 
the PbTiO3 thickness (Figure S1, Supporting Information) 
and we focus on intermediate thicknesses of the layers (i.e., 
n = 12–20 unit cells). We utilize the depolarization effect at the 
interfaces of PbTiO3 and SrTiO3 and also introduce ≈1% tensile 
strain from the DyScO3 substrate to manipulate the polar struc-
ture in the confined PbTiO3 layer. The trilayer heterostructures 
on top of the SrRuO3-buffered DyScO3 (110)o substrates, where 
o indicates orthorhombic indices, are grown by reflection high-
energy electron diffraction-assisted pulsed-laser deposition 
(Experimental Section). Using a combination of diffraction-con-
trast, dark-field transmission electron microscopy (DF-TEM) 
imaging, atomic-scale scanning transmission electron micro-
scopy (STEM) imaging, synchrotron-based reciprocal space 
mapping, and phase-field modeling, we investigate how and 
why the toroidal vortex state emerges from the ferroelectric 
state as the boundary conditions are systematically varied.
To trace the emergence of a vortex state, symmetric 
(SrTiO3)n/(PbTiO3)n/(SrTiO3)n (n = 12) trilayer heterostruc-
tures were characterized by atomic-resolution STEM imaging 
in cross-section (Figure 1a) (Experimental section). Due to the 
Z-contrast sensitivity of STEM imaging, the image contrast 
shows intensity differences between PbTiO3 and SrTiO3 layers 
(low magnification, Figure S2a, Supporting Information). The 
microstructure confirms sharp and coherent interfaces with 
uniform layers, providing a nearly pristine environment in 
which the polarization can evolve to the vortex state. To deter-
mine the polarization configuration with STEM imaging, we 
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Figure 1. The emergence of polar vortex state in a confined PbTiO3 complex oxide heterostructure. a) High-magnification atomic-resolution HAADF 
STEM imaging of the trilayer system, (SrTiO3)n/(PbTiO3)n/(SrTiO3)n, in the cross-sectional view (n = 12). b) Atomic polar displacement mapping from 
region (a) revealing the polarization distribution in PbTiO3 and SrTiO3 layers. The vortex state exists in a single PbTiO3 layer confined between two 
SrTiO3 layers. c) The curl (
 
p∇ × ) of the polar displacement vector field to describe vorticity, which indicates alternate blue/red regions representing 
CW/CCW vortices. d,e) Low-magnification enlarged diffraction contrast DF-TEM imaging in two-beam conditions using [002 ]o and [220 ]o g-vectors, 
respectively, which demonstrates the periodic array of modulations revealed only in the PbTiO3 layer. f) Vortex stripes in 3D vector mapping with 
vorticity predicted by phase-field modeling.
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measured the local noncentrosymmetry of the atomic columns 
between the A- and B-site sublattices in the ABO3 lattice to 
determine the polar structure; this is extracted using a dis-
placement vector-mapping algorithm applied to the cross-sec-
tional atomic resolution STEM images.[13] As a result, the con-
tinuous rotation of alternating clockwise (CW) (blue arrows) 
and counterclockwise (CCW) (red arrows) polar vortices is 
revealed in the PbTiO3 layer (Figure 1b), as opposed to ferroe-
lectric a1/a2 domains observed for short period PbTiO3/SrTiO3 
superlattices[21] and flux-closure domains observed for long 
period PbTiO3/SrTiO3 superlattices.[17] Furthermore, we con-
firmed the CW (blue areas)/CCW (red areas) vorticity of the 
vortex state by calculating the curl of the polarization ( p
 
∇ × ), 
which is nonzero in the PbTiO3 layer and zero in the SrTiO3 
layers (Figure 1c). Two-beam imaging conditions in DF-TEM 
(Experimental section) reveal long-range ordering only in the 
PbTiO3 layer, which indicates a periodic in-plane triangular 
array when imaged with the [002]o g-vector and an out-of-
plane rectangular array when imaged with the [220 ]o g-vector 
(Figure 1d,e, respectively). These modulations are the critical 
components of polar vortices, and they correspond to the peri-
odic array of polarization modulations observed in both direc-
tions of the atomic-scale STEM polarization analysis of the 
trilayer system (Figure S2b,c, Supporting Information). 3D 
polar vector maps from phase-field modeling (Figure 1f) also 
reveal an equivalent structure with similar stripe-like arrays 
of CW/CCW vortices laying along the in-plane [110]o direction 
in the PbTiO3 layer. The vortex state is found to be stabilized 
by different contributions from Landau, elastic, electrostatic, 
and gradient energies (Experimental section). Hence, it can be 
concluded that even in a single confined PbTiO3 layer, long-
range ordering of polar vortices is observed akin to those in 
superlattices,[18] and such trilayer heterostructures provide 
a simple model system with which we can deeply probe the 
emergence of this vortex state.
To better assess how the vortex state emerges from the fer-
roelectric state, we varied the thickness of the layers in the 
(SrTiO3)n/(PbTiO3)n/(SrTiO3)n trilayer heterostructures (n = 12, 
16, 20). We applied diffraction contrast DF-TEM imaging of a 
plan view sample using the [002]o g-vector along with synchro-
tron-based reciprocal space maps (RSMs) to understand the 
polarization distribution and phase evolution as a function of 
layer thickness. For a n = 12 trilayer (Figure 2a), the overall 
light/dark diffraction contrast on the left/right side of the 
figure indicates the reversal of net polarization along the [002]o 
g-vector direction. Inside these broad light and dark regions, 
the periodic diffraction contrast reveals traditional ferroelec-
tric a1/a2 twin domain structures with 45° domain walls and 
≈10 nm domain widths, which arises due to the strong depo-
larization effect driving the polarization into the plane of the 
film.[21] RSMs of the same heterostructure reveal the absence 
of ordering in scans about the out-of-plane 220o-diffraction con-
dition and the presence of ordering in the 45° section of the 
scan about the off-axis 400o-diffraction condition (Figure 2g and 
Figure S3a, Supporting Information). The result supports the 
idea that the system contains ferroelectric 45° twin domains 
with ≈10 nm domain width. The experimental results are fur-
ther supported by the phase-field models, which also reveal 
twin structures (Figure 2d).
When the layer thickness of the trilayer heterostructures is 
increased to n = 16 (Figure 2b), most of the ferroelectric a1/a2 
domains transform to periodic ≈10 nm stripes, now aligned 
along the [110]o. This corresponds to the same size and direc-
tion of the vortex state probed in the cross-sectional STEM 
(Figure 1b). The vortex stripes mainly lie along the [110]o. This 
is due to the in-plane anisotropy of the DyScO3 substrate,[22] 
which determines the preferred orientation of the vortex for-
mation. Antiphase boundaries (APBs) between vortex regions 
can be observed where CW and CCW rotations meet to form 
an axial domain wall with remaining short segments of fer-
roelectric a1/a2 domains (Figure 2b). RSMs about the on-axis 
220o- and off-axis 400o-diffraction conditions demonstrate peri-
odic satellites consistent with the presence of both the vortex 
state and ferroelectric a1/a2 domains. The vector mapping done 
by phase-field modeling predicts CW/CCW rotation of vortex 
states with APBs as viewed from the top of the trilayer hetero-
structure (Figure 2e). We conclude that the n = 16 trilayer het-
erostructures are a mixed-phase system with APBs (Figure 2h 
and Figure S3b, Supporting Information).
Upon increasing the thickness of the trilayer heterostruc-
ture to n = 20 (Figure 2c), most a-domains transform into 
periodic CW/CCW vortex stripes inside these broad light and 
dark regions, which dominate the entire trilayer system. In the 
RSMs, the increasing intensity of on-axis 220o-diffraction satel-
lite peaks indicates that the more stable vortex state is the pri-
mary state (Figure 2i). The decreasing intensity of ordering for 
the off-axis 400o-diffraction represents the low fraction of ferro-
electric a1/a2 domains suggesting that the vortex state becomes 
more stable (Figure S3c, Supporting Information). These struc-
tural results are supported by phase-field modeling (Figure 2f). 
The wide/narrow stripes represent the CW/CCW rotation of 
vortices due to the asymmetric arrangement between two rota-
tions of the vortex. Hence, the phase evolution demonstrates 
how the vortex state evolves from the ferroelectric state through 
the mixed-phase system to the single-phase system.
Given that the evolution from the ferroelectric state to 
the vortex state manifests as a function of layer thickness, 
the origin of how the vortex state emerges from the ferro-
electric state is intriguing. To explore this metastable vortex 
state, we studied plan-view diffraction contrast DF-TEM for 
an n = 12 trilayer, particularly at the boundaries of the ferro-
electric domains. The large scale of light/dark diffraction con-
trast represents the net reversal of polarization in the [002]o 
g-vector direction (Figure 3a). In this trilayer system, there are 
four types of boundaries that form to minimize electrostatic 
energy and remain charge neutral. This boundary between 
the two a1/a2 domains is formed by two sets of head-to-tail 
domains (the white and green pair of arrows, Figure 3b). At the 
boundary, 180° domain walls occur in the light stripes (white 
arrows), resulting in a 90° rotation of the net polarization (red 
arrows). In turn, this boundary is again formed by two sets of 
head-to-tail domains (white to green arrows, Figure 3c). Here, 
180° domain walls occur in the dark stripes (green arrows). 
Surprisingly, the head-to-head domains give rise to two types 
of boundaries (Figure 3d,e). One is the typical in-plane vortex 
domain (Figure 3d),[23] and the other has the vortex stripes 
along the [110]o (Figure 3e), which are similar to Bloch-point 
domain walls emerging from two head-to-head spins in 1D 
Adv. Mater. 2019, 31, 1901014
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magnetic nanostripes.[24,25] The polarization distribution at the 
boundary transforms from the 2D a1/a2 state to the 3D vortex 
state, which allows a decrease of the electrostatic energy and 
prevents charged domain walls. Vector mapping extracted from 
the phase-field modeling (Figure 3f) demonstrates that this 
metastable state is the beginning of the vortex stripes (orange 
arrow pointing along [001]o indicating the lateral polarization 
component of the vortex) along the [110]o between two head-
to-head domains. Hence, the vortex state emerges between 
head-to-head ferroelectric a1/a2 domains to help minimize 
electrostatic energy, and then the entire vortex stripes gradually 
form as a function of layer thickness in the trilayer system.
To further clarify the effect of long-range interactions among 
multiple PbTiO3 layers on the formation of the toroidal state, 
we investigated the polarization distribution while varying the 
number of confined PbTiO3 layers from one to seven (that is, 
changing from trilayer to superlattice heterostructures). Notably, 
the ferroelectric a1/a2 twin domains were chosen as a starting 
point for the trilayer (n = 12) so as to explore the underlying 
mechanism of vortex formation when increasing the number 
of confined PbTiO3 layers. The low magnification, dark-field 
TEM images taken with the [002]o g-vector (Figure 4a–d) exhibit 
mostly bulky, irregular stripes with nonuniform light/dark 
diffraction contrast, which indicates the reversal of net polariza-
tion pointing along ± [002]o. To gain more insight into this phe-
nomenon, high-magnification images of the stripes were used 
to explore the local phase distribution (Figure 4e–h). Under 
the nonuniform light/dark diffraction contrast (Figure 4a), 
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Figure 2. Evolution of the vortex state (V) from the ferroelectric state (FE). Diffraction contrast DF-TEM planar view images in two beam 
conditions from the PbTiO3/SrTiO3 trilayer system, (SrTiO3)n/(PbTiO3)n/(SrTiO3)n, exhibit phase evolution: a) n = 12, ferroelectric a1/a2 twin 
domains (FE), b) n = 16, formation of vortex stripes along [110]o with APBs and residual a1/a2 twin domains, and c) n = 20, vortex state (V). 
d) Prediction of n = 12 by phase-field modeling suggesting ferroelectric state a1/a2 twin domains, e) prediction of n = 16 suggesting CW/CCW rotation 
of vortex state and APBs, and f) prediction of n = 20 suggesting CW/CCW rotation of vortex state. g–i) The out-of-plane RSM about the (220)o diffraction 
condition reveals: g) n = 12, no vortex state, h) n = 16, formation of vortex state, i) n = 20, vortex state.
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1901014 (5 of 8)
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ferroelectric a1/a2 twin domains exist as the primary state 
(Figure 4e). For three confined PbTiO3 layers (Figure 4b), 
the nonuniform light/dark diffraction contrast becomes more 
striped (regular). This implies that the arrangement of polariza-
tion distribution is affected by the presence of multiple PbTiO3 
layers. At this stacking condition, the ferroelectric a1/a2 twin 
domains are still the primary state (Figure 4f).
When the number of confined PbTiO3 layers increases to 
five (Figure 4c), the light/dark diffraction contrast changes 
to ordered stripes, and this implies the enhancement of the 
alignment of polar structures and phase separation. Remark-
ably, between these ordered stripes, the local microstructures 
demonstrate the emergence of vortex stripes along [110]o 
adjacent to the ferroelectric a1/a2 twin domains (Figure 4g). 
This suggests that long-range interactions among multiple 
PbTiO3 layers can modulate the polarization distribution and 
can stabilize the vortex state. Finally, the light/dark diffrac-
tion contrast indicates the straight, ordered, and continuous 
stripes in the superlattices with seven confined PbTiO3 layers 
(Figure 4d). The additional PbTiO3 stacking layers stabilize 
the phase coexistence of the vortex state and ferroelectric 
state[19] (Figure 4h). Hence, the phase evolution as a function 
of PbTiO3 layers demonstrates not only the polarization rear-
rangement, but also another route to create the vortex state, 
and this indicates that long-range interactions among multiple 
PbTiO3 layers play an essential role to influence the vortex 
stability.
We now capture the phase evolution and the competition 
between the uniform polar state and the vortex state through 
a comprehensive 3-D phase diagram obtained by phase-field 
modeling. Figure 5a shows the thermodynamically stable 
phases with respect to both layer thickness and the number of 
PbTiO3/SrTiO3 bilayers, which highlights the important role 
of the total film thickness in forming the vortex phase. The 
in-plane polarized a1/a2 phase is stable at any film thickness 
when the thickness is under 9 unit cells, indicating that, for 
such thicknesses of the PTO layer, the depoling field dominates 
the total energetics of the system, thus favoring the formation 
of in-plane ferroelectric domains. On the other hand, when the 
thickness is above 14 unit cells, the vortex phase is the thermo-
dynamic ground state. For layer thickness in between, there is 
a competition between the in-plane polar state and the vortex 
state; under such circumstances, the total film thickness plays 
an important role in deciding which phase is stable. A tran-
sition to a mixture of a1/a2 and vortex phases driven by film 
thickness is thus one of the key conclusions from this phase 
competition. This is captured for the case of a 11 unit cell layer 
thickness shown in the dashed rectangle, for which the in plane 
a1/a2 twin domains transform to the mixed phase when the 
number of (PbTiO3/SrTiO3) bilayers is increased from 1 to 7. 
The vortex state is obtained in thicker films in good agreement 
with the experimental observations.
One can also compare the total energy density and the two 
main components, namely the elastic and electric energies for 
Adv. Mater. 2019, 31, 1901014
Figure 3. Origins of the vortex state from the boundaries of the FE state (n = 12) by diffraction contrast DF-TEM in two beam conditions; a) ferroelectric 
a1/a2 twin domains with four types of boundaries; b,c) Head-to-tail boundary; d) In-plane vortex domain; e) Vortex stripes between head-to-head 
domains; f) Calculation of the metastable vortex state between head-to-head domains by phase-field modeling.
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1901014 (6 of 8)
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Figure 5. Film-thickness dependent polar structure transition for the PbTiO3/SrTiO3 trilayer to PbTiO3/SrTiO3 superlattices calculated by phase-field 
simulation; a) 3D phase diagram. Energy comparison between a1/a2 twin, vortex, and c-domains taken through the slice shown by the dashed rectangle: 
b) total energy density; c) elastic energy density; d) electric energy density.
Figure 4. Formation of the vortex state from PbTiO3/SrTiO3 trilayer (n = 12) to PbTiO3/SrTiO3 superlattices (n = 12) observed by diffraction contrast 
DF-TEM at low and high magnifications: a–d) the low-magnification images represent 1, 3, 5, and 7 confined PbTiO3 layers; e–h) the high-magnification 
images ranging from the previous trilayer to the superlattice low-magnification regions exhibit the evolution from full FE states to phase coexistence 
of FE and V states.
© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1901014 (7 of 8)
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the two phases as a function of the number of bilayer thickness, 
Figure 5b, specifically for the 11-unit cell trilayer and superlat-
tices. For a trilayer, the lowest energy state clearly corresponds 
to the a1/a2 in-plane polarized state (orange squares). In con-
trast, for the superlattice, the difference in total energy between 
the a1/a2 and the vortex state is not significant (blue circles and 
orange squares) indicating that a mixed phase coexistence is 
likely. The energy density of c-domains as the transient state is 
shown for comparison and clearly this is not favored. The total 
energy density decrease is mainly attributed to the decrease of 
the average elastic energy density, which is understood since 
the vortex state has a higher ratio of elastically favorable out-
of-plane polarization (Figure 5c). The electric energy density 
increases slightly due to the out-of-plane polarization of the 
vortex state (Figure 5d). From an energetic point of view, the 
film thickness-driven phase transition (while keeping the layer 
thickness constant) is a result of the competition between the 
individual energies—elastic, electric, Landau, and gradient. 
The increasing layer stacking leads to a decrease of elastic 
energy, which counterbalances the energy penalty of a higher 
gradient energy and a higher electric energy arising from the 
complex polar texture. Hence, it is revealed that the formation 
of the vortex state can be triggered by not only layer thickness, 
but also by increasing the number of confined PbTiO3 layers, 
showing the importance of long-range elastic interactions 
among the PbTiO3 layers.
To summarize, our investigations have demonstrated that 
the vortex state can be stabilized in a single confined PbTiO3 
layer, which acts as a simple model system to study the polari-
zation distribution. The polarization distribution demonstrates 
the phase evolution from a ferroelectric state to a vortex state 
by utilizing the thickness dependence of the trilayer hetero-
structures. Notably, the origin of the vortex state is introduced 
by head-to-head domains between ferroelectric a1/a2 domains 
to minimize electrostatic energy during the beginning of the 
phase evolution. Ultimately, tipping the energy balance of the 
system can be another route to excite the vortex state by using 
elastic energy from the long-range interactions in the PbTiO3/
SrTiO3 system. These studies should contribute to the further 
understanding of novel polarization topologies and provide pos-
sible routes to design polarization topologies that enable the 
development of high-density memory devices.
Experimental Section
Sample Growth: The (PbTiO3)n/(SrTiO3)n trilayer heterostructures 
(n = 12, 16, 20) were synthesized by reflection high-energy electron 
diffraction-assisted pulsed laser deposition with a KrF excimer laser. A 
buffer layer of ≈5 nm of SrRuO3 was deposited on the DyScO3 (110)o 
substrates at a temperature of 700 °C and oxygen pressure of 50 mTorr. 
For trilayer structures, the bottom SrTiO3 layer was deposited at the same 
conditions as SrRuO3. Subsequent layers of PbTiO3 and SrTiO3 were 
deposited at 620 °C and 100 mTorr oxygen pressure. For all materials, 
the laser fluence was ≈1.5 J cm−2, and the laser repetition rate was 10 Hz. 
After the deposition, heterostructures were cooled in 50 Torr of oxygen to 
room temperature. The films were grown from a single crystalline SrTiO3 
target and polycrystalline SrRuO3 and Pb1.2TiO3 targets.
Conventional and Scanning Transmission Electron Microscopy: Cross-
sectional and planar-view TEM samples were prepared by mechanical 
polishing on an Allied High Tech Multiprep at 0.5° wedge polish 
followed by low-angle argon-ion milling at 4 keV and cleaning at 200 eV. 
The characterization of microscopic structures was mainly performed by 
the diffraction-contrast TEM on FEI TitanX 60-300 microscope operated 
at 300 kV, and the STEM imaging on spherical aberration (Cs) corrected 
FEI Titan 80-300 operated at 300 kV giving a point-to-point resolution of 
50 pm at the National Center for Electron Microscopy, Lawrence Berkeley 
National Laboratory. Diffraction contrast imaging is an efficient tool to 
determine the polarization directions of local domain structures by using 
the failure of Friedel’s law in electron diffraction on ferroelectric materials 
lacking a symmetry center. By tilting the TEM sample away from the 
zone axis, two-beam conditions are formed with the diffracted beam 
along the optical axis. The selected crystallographic plane, corresponding 
to the [002]o g-vector, was imaged to acquire the polarization directions 
through contrast. The local polarization distribution was demonstrated 
by atomic resolution STEM (Z-contrast) imaging with atomic 
displacement mapping described in previous work.[18,19]
Structural Characterization—Synchrotron-Based X-Ray Diffraction: 
Synchrotron-based X-ray diffraction studies were performed at 
beamline 33-BM-C at the Advanced Photon Source, Argonne National 
Laboratory. 3D reciprocal space maps (RSMs) were acquired using the 
Huber 4-circle diffractometer and the PILATUS 100K pixel detector. The 
high flux of X-rays available at the synchrotron coupled with 3D RSMs 
allowed us to measure satellite diffraction peaks that arose from the 
ordering of both the in- and out-of-plane polarization components 
in the heterostructures. Slices from 3D RSMs along the 001o- and 111o
-directions showed the presence or absence of satellite peaks due to 
periodic polar vortices or ferroelectric domains, respectively.
Phase-Field Simulations: In the phase-field modeling of the PbTiO3/
SrTiO3 multilayer system, the evolution of the polarization was 
obtained by solving the time-dependent Ginzburg–Landau (TDGL) 
equations
,
,
1,2,3
P r t
t
L F
P r t
i
i
i


δ
δ
( )
( )( )
∂
∂ = − =  (1)
where L, r, and t denote the kinetic coefficient, spatial position vectors, 
and time, respectively. The contributions to the total free energy F 
include the Landau bulk energy, elastic energy, electric (electrostatic) 
energy, and gradient energy, i.e.,
dLandau Elastic Electric GradientF f f f f V∫ ( )= + + +  (2)
The expression for each energy density can be found in the 
literature.[26–28] Due to the inhomogeneity of elastic constants in 
the [(SrTiO3)m/(PbTiO3)m]n multilayer system, a spectral iterative 
perturbation method was employed to solve the mechanical equilibrium 
equation to obtain the stress field.[29] The pseudocubic lattice constants 
for PbTiO3 and SrTiO3 were taken as 3.9547 and 3.905 Å, respectively,[30] 
while the anisotropic in plane lattice constants for the substrate DyScO3 
were taken from the literature to calculate the misfit strain.[31] Material 
constants for PbTiO3 and SrTiO3 used in the simulations are found 
from the literature, and these include the Landau potentials, elastic 
constants, electrostrictive coefficients, background dielectric constants, 
and gradient energy coefficients.[27,30,32–35]
The 3D phase-field simulation of the [(SrTiO3)m/(PbTiO3)m]n multilayer 
system is done using discrete grids of (100Δx) × (100Δy) × (350Δz) 
with Δx = Δy = Δz = 0.4 nm, where Δx, Δy, and Δz are in real space. 
The thickness of the substrate, film, and air are 30Δz, ((2n +  1) × 
(m – 1))Δz, and (321-(2n +  1) ×  m)Δz, respectively, where n is the 
number of confined PbTiO3 layers. In the film, alternating (m – 1) grids 
of PbTiO3 layers and (m – 1) grids of SrTiO3 layers with one transition 
layer in between were incorporated to simulate the multilayer system. 
The thickness of PbTiO3 and SrTiO3 layers effectively describes the 
experimental observation. Periodic boundary conditions were assumed 
in both the x and y directions and a superposition method was used 
along the z-direction.[27] Random noise with a magnitude of 0.01 µC cm2 
was used as the initial setup to simulate the thermal fluctuation during 
the annealing process.
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